Doping topological insulators to induce superconductivity has been one avenue to realize topological superconductivity [1] [2] [3] [4] [5] . There has been much interest in superconductivity induced by copper (Cu) or strontium (Sr) dopants in Bi 2 Se 3 , and extensive studies on those materials [4] [5] [6] [7] reveal their single-band nature. However, questions remain as to whether these materials demonstrate topological superconductivity. The recent discovery of superconducting niobium (Nb) doped Bi 2 Se 3 makes it an exciting new candidate for the realization of topological superconductivity. A recent study reveals the coexistence of superconductivity and magnetic ordering in Nb-doped Bi 2 Se 3 as well as surface Dirac dispersion [8] . Heat capacity measurements reveal that it has a nodeless superconducting gap consistent with odd-parity p-wave superconductivity [9] . Furthermore, rotational symmetry breaking has been observed indicative of an odd-parity nematic superconducting order [9] . This very interesting combination creates much promise for new physics in this material. Generally, quantum oscillation experiments are used to reveal the electronic structure of topological materials and topological material candidates. No such study has yet been done on Nb-doped Bi 2 Se 3 .
We report the first observation of quantum oscillations in Nb-doped Bi 2 Se 3 . In Nb-doped Bi 2 Se 3 , a fully superconducting volume is observed in conjunction with at least two quantum oscillation frequencies. This observation points to a multi-band electronic state in Nbdoped Bi 2 Se 3 that is distinct from the single-band state seen in the parent compound or Cu-doped and Sr-doped Bi 2 Se 3 [4] [5] [6] [7] .
Torque magnetometry was used to measure the magnetic properties of Nb-doped Bi 2 Se 3 . Single crystal samples of Nb-doped Bi 2 Se 3 , with a nominal stoichiometric Nb concentration of 0.25 for sample A and 0.28 for sample E, were glued to the tip of a Beryllium Copper thin film cantilever using GE varnish. Because the Nb concentration was determined from the starting concentration of the reactants [8] , the exact Nb concentration in unknown in these crystals. The torque on the cantilever was then measured by tracking the capacitance between the metallic cantilever and a gold film placed underneath. Torque magnetometry is sensitive to the anisotropy in the magnetic susceptibility of the sample [10, 11] . By confining the external magnetic field, H, and the sample magnetization, M , to the x-z plane, the torque on the sample due to the external field is given by:
where V is the volume of the sample, and µ 0 is the vacuum permeability. For a paramagnetic material, this simplifies to:
where ∆χ = χ z − χ x is the anisotropy of the magnetic susceptibility of the sample, and φ is the angle between the external magnetic field and the crystal c-axis which is defined to be along theẑ direction. A schematic of the experimental setup is shown in Fig. 1(c) .
The presence of an external magnetic field quantizes the Fermi Surface into Landau Levels. This leads to oscillations in the magnetization due to the Landau Level quantization (the de Haas-van Alphen effect, or the dHvA effect). These oscillations are periodic in 1/H and their frequency, F s , is related to extrema in the Fermi Surface cross section, A, by the Onsager relation:
The derivative of the raw torque is taken first and the background signal is removed leaving just the oscillatory torque signal, τ osc . Examples of dτ osc /dH for Sample A at two different angles are shown in Fig. 1 along with a Fast Fourier Transform (FFT) of τ osc plotted against 1/µ 0 H. At high angle, the FFT shows 2 distinct quantum oscillation frequencies.
We measured several samples of Nb-doped Bi 2 Se 3 . Two of these samples from different growth batches, designated samples A and E, are of high enough quality to show a large superconducting volume. Panel a of Fig. 2 shows the temperature dependence of the resistivity for samples A and E. Zero resistance is observed below 3.5 K as shown by the inset of Fig. 2a . Panel b shows the volume susceptibility of the two samples measured in a Quantum Design Magnetic Properties Measurement System. Sample E shows 60% superconducting volume and Sample A shows a more than 90% superconducting volume, much higher than that of Cu-doped Bi 2 Se 3 [5, 12, 13] and similar to certain dopings in Sr-doped Bi 2 Se 3 [4] . The dHvA effect was seen in both of our Nb-doped Bi 2 Se 3 single crystals. Figure 3 shows the angular dependence of the dHvA frequencies. Since the dHvA frequency is proportional to the Fermi Surface cross section, the angular dependence gives the approximate size and shape of the Fermi Surface. This data was taken in 3 different magnets with different peak magnetic fields. The peak magnetic field is indicated in parentheses in the legend of Fig. 3 .
The crystal structure of Nb-doped Bi 2 Se 3 is the same as Cu-doped Bi 2 Se 3 where the dopants lie intercalated between quintuple Bi 2 Se 3 layers. The crystal structure of the parent compound is shown in Fig. 1 and a detailed description of this crystal structure is discussed in Y.S. Hor et. al. [2] . φ in Fig. 3 is defined to be the angle between the external magnetic field and the crystalline c-axis. In the 33.6 T and 34.5 T magnets, the magnetic field is being rotated from along the c-axis towards the a-axis. For the 45 T magnet, the magnetic field is being rotated from the c-axis towards the in-plane axis 30
• from the a-axis. The angular dependence of the dHvA frequencies does not show any dependence on which inplane axis the magnetic field rotates into.
There are two branches of quantum oscillation frequencies revealing multiple Fermi Surfaces in Nb-doped Bi 2 Se 3 . The solid lines in Fig. 3 are ellipsoidal Fermi Surface fits of the first branch of dHvA frequencies. The S a m p l e A B r a n c h 1 ( 4 5 T ) B r a n c h 2 ( 4 5 T ) B r a n c h 1 ( 3 4 . 5 T ) B r a n c h 2 ( 3 4 . 5 T ) e l l i p s o i d f i t S a m p l e E B r a n c h 1 ( 3 3 . 6 T ) B r a n c h 2 ( 3 3 ellipsoidal Fermi Surface is located in the center of the Brillouin Zone (BZ) around the Γ-point just as it is in the parent compound [5, 14] . Based on the fits and equation 3, both samples have in plane Fermi momentum of k x = k y ≈ 0.75 nm −1 and out of plane Fermi momentum of k z ≈ 1.43 nm −1 . The parameters from the ellipsoidal Fermi Surface are summarized in table I.
The second branch of dHvA frequencies appears at around 60
• . This indicates that the superconducting Nb-doped Bi 2 Se 3 has an additional smaller Fermi Pocket or family of Fermi Pockets besides the ellipsoidal pocket seen in the parent compound [5, 14] .
The lower branch should be symmetric around 90
• because of the crystalline symmetry. In the 45 T sweep, there is evidence of splitting in the lower branch of dHvA frequencies indicating the symmetric Fermi Pocket. We note, however, that our torque magnetometry is unable to clearly resolve a splitting of these branches in the 34 T sweeps due to the limited range of the quantum oscillation pattern. As a result, our torque measurements resolve only the dominating feature of the lower branch for each sample, which seems to be asymmetric and varies between samples in the 34 T runs. The sample dependence suggests that the sample quality and even the possible domain structure may affect the apparent features in the FFT spectra. To confirm this frequency splitting, further quantum oscillation studies are required in the higher fields or a lower temperatures in a dilution refrigerator.
The angular dependence of the lower branch of frequencies indicates that the corresponding Fermi Surface is tilted with respect to the c-axis. It is probably located away from the Γ-point and has symmetric pockets elsewhere in the BZ. The exact shape of these low-frequency Fermi Pockets is unknown. A grey dashed line is drawn on Fig. 3 as an eye guide.
The larger Fermi Pocket, though slightly fatter and longer, is similar to the bulk Fermi Surface in undoped Bi 2 Se 3 [5, 14] . However, the second pocket is completely different from anything seen in the parent compound or the other superconducting doped Bi 2 Se 3 compounds, such as Cu-doped Bi 2 Se 3 [5] [6] [7] . • . The insets are the Dingle-fits of the oscillation amplitude, with the vertical axis the ratio of the log of the oscillation amplitude and the thermal damping factor. It is well known that the damping of the dHvA oscil-lation amplitude is proportional to the thermal damping factor R T and dingle damping factor R D [15] :
Where m * is the effective mass, T D =h/2πk B τ s is the dingle temperature, τ s is the scattering time, and α = 2π 2 k B m e /eh ∼ 14.69T /K. The examples of the temperature dependence of the FFT amplitude on τ osc is plotted as a function of temperature in Fig. 4 . Included is a fit of these data to Equation 4 which yields an effective masses of the large and small pockets in Nb-doped Bi 2 Se 3 samples. The results are listed in Table I .
For Sample E, the temperature dependence was performed on the Shubnikov-de Haas (SdH) oscillations shown in Panel c of Fig. 2 . The frequency of oscillations and effective mass extracted from SdH are in good agreement with dHvA.
The damping of the dHvA oscillations with respect to field gives a measure of the electron scattering in the crystal. The insets in Fig. 4 show the log of the amplitudes of the peaks from the plot of τ osc − 1/µ 0 H after dividing out the thermal damping factor. The fit using Equation 5 yields the dingle temperature, T D . The results of the Dingle analysis are listed in Table I .
Furthermore, we note that the scattering time of the lower branch is the same order of magnitude as the lower branch. Therefore, disorder and Dingle phase smearing would unlikely prevent observing the lower branch if the higher branch is observed. If the lower branch is missed, it is due to an intrinsic difference of the electronic state. We also note that the mean free paths in our crystals are in the order of 20 -60 nm, which is about 2 orders of magnitude longer than the crystalline lattice. The observation of quantum oscillations provides the first method to resolve the unique nature of the superconducting Nbdoped Bi 2 Se 3 .
Finally, to determine the carrier concentration, we also measured the Hall effect on Nb-doped Bi 2 Se 3 . The Hall curves from samples A and E are shown in the inset of Fig. 2(c) . The carrier density as determined from the Hall effect is n = 2.4 × 10 20 cm −3 for Sample A and n = 1.8 × 10 20 cm −3 for Sample E. The Hall carrier density is generally a order of magnitude larger than the carrier density given by the ellipsoidal Fermi surfaces. The carrier density of the ellipsoidal Fermi Surfaces is given by n = for Sample A and n = 2.8 × 10 19 cm −3 for Sample E. Therefore the lower branches observed in our dHvA effect correspond to many pockets in the BZ, which contribute to the large Hall carrier densities.
Discussion One question that could arise is whether or not this new Fermi Pocket is an intrinsic property of Nb-doped Bi 2 Se 3 or if it comes from crystallized domains of other materials such as NbSe 2 , NbSe 3 , or elemental Nb present in the samples. NbSe 3 is not superconducting unless under pressure, and it shows dominate quantum oscillations frequencies under 100 T [16] [17] [18] . This is much smaller than either Fermi Pocket seen in our Nb doped Bi 2 Se 3 samples. Moreover, 2H-NbSe 2 shows superconductivity, but the T c = 7.2 K [19] is much higher than the critical temperature in our Nb doped Bi 2 Se 3 . Quantum oscillations in 2H-NbSe 2 show only one Fermi pocket with F 0 = 150 T that increases up to 400 T at ∼ 80
• [19, 20] . This is distinctly different from the Fermi surfaces we observed in our samples, suggesting that our dHvA signal is not from unintended crystallization of NbSe 2 and NbSe 3 . The smallest orbital observed in elemental Nb is 8.1 nm −2 [21, 22] corresponding to a dHvA frequency of 850 T, which is much higher than the quantum oscillation frequencies reported here in Nb-doped Bi 2 Se 3 .
This leads to an important question: why does Nb intercalation in Bi 2 Se 3 lead to multiple Fermi surfaces when Cu and Sr intercalation do not? We suspect that Nb introduces d-orbital electrons causing the multiple orbit feature observed in our study. A preliminary calculation of the band structure suggests the Nb d-states are very close to the chemical potential in Nb-doped Bi 2 Se 3 . Our results call for a detailed electronic band structure calculation, the results of which can be compared to our observed quantum oscillation patterns. These further steps will map the exact electronic ground state of the newly discovered superconductor Nb-doped Bi 2 Se 3 .
Our observation of the multiple orbits in the superconducting Nb-doped Bi 2 Se 3 also points to Fermi surface nesting as a possible superconducting mechanism. In many families of Fe-based superconductors, where unconventional s-wave pairing is believed to exist, the superconducting pairing mechanism has been attributed to the nesting between electron and hole pockets [23] [24] [25] . To check this possibility for Nb-doped Bi 2 Se 3 , further experiments are needed to look for the charge density wave that would arise from the Fermi surface nesting. Such a charge density wave pattern may be detected by Scanning Tunneling Microscopy or Photoemission.
Conclusion Using torque magnetometry in intense magnetic fields as high as 45 T, we observed quantum oscillations in newly discovered superconductor Nb-doped Bi 2 Se 3 . The Nb-doped Bi 2 Se 3 crystals shows two distinct oscillation frequencies. The observation of this multiorbital nature reveals the complex electronic ground state of superconducting Nb-doped Bi 2 Se 3 . It also sheds light on the superconducting pairing mechanism in this unconventional superconductor.
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